The solvation of fluoride and chloride anions (F-and Cl-, respectively) by water has been studied using effective fragment potentials (EFPs) for the water molecules and ab initio quantum mechanics for the anions. In particular, the number of water molecules required to fully surround each anion has been investigated. Monte Carlo calculations have been used in an attempt to find the solvated system X-(H2O)n (X = F, Cl) with the lowest energy for each value of n. It is predicted that 18 water molecules are required to form a complete solvation shell around a Cl-anion, where "complete solvation" is interpreted as an ion that is completely surrounded by solvent molecules. Although fewer water molecules may fully solvate the Cl-anion, such structures are higher in energy than partially solvated molecules, up to n ≥ 18. Calculations on the F-anion suggest that 15 water molecules are required for a complete solvation shell. The EFP predictions are in good agreement with the relative energies predicted by ab initio energy calculations at the EFP geometries.
I. Introduction
Solvation effects have an important role in many different areas of chemistry. Spectroscopy, reaction mechanisms, and kinetics are examples of phenomena that are affected by the presence or absence of a solvent. In this study, the effective fragment potential (EFP) method 1,2 is employed to investigate the solvation of fluoride and chloride anions (F -and Cl -, respectively). Water-solvated Cl -and F -anions have been the subject of many other theoretical studies and several relevant experimental studies 49, 50 have been performed on the chloride ion. Smaller water clusters, usually involving <10 water molecules, are most common, because of computational limitations. When applied to a halide anion X -, the focus of many microsolvation studies is to determine how many water molecules are required to observe a transition from a surface to an interior state. A surface state is defined as the X -anion resting "on top" of a cluster of water molecules, while an interior state is defined as a structure in which the X -anion is "inside" a water cluster cage.
The primary focus of this study is to analyze the transition from surface to completely solvated anions in X -(H 2 O) n (X ) F, Cl) as n increases. Also of interest is the value of n at which interior structures begin to appear, even if they are not global minima. The structures involving small numbers of water molecules provide insight into the microsolvation of the anions, while the fully solvated structures provide increasingly useful information about the bulk solution. Details of the computational approach are provided in Section II.
An additional motivation is to test the EFP method against the corresponding predictions of Hartree-Fock (HF) and Møller-Plesset second order perturbation theory (MP2). [51] [52] [53] [54] The EFP method was developed for the water molecule and was designed to reproduce HF results for aqueous solvation while requiring considerably less computational cost. 1, 2 The EFP approach has been successfully applied to a variety of problems, including the solvation of small cations, 55 the solvation of the Menshutkin reaction, 56 the solvation of an S N 2 reaction, 57 and the energetics and structures of small water clusters. 58 Recently, Webb and Merrill studied the solvation of small anions (X -(H 2 O) n ) using the EFP method. 43 In their study, F -and Cl -anions were solvated by n ) 1-6 effective fragment potentials. The EFP predictions were compared with results obtained with HF optimizations and MP2 single-point calculations. Their results suggest that interior anions do not exist for X -(H 2 O) n , for n ) 1-6. The energy differences between structures within a given cluster of size n were observed to be small. Comparisons between the present work and the results of Webb and Merrill will be given in Section III.
II. Computational Methods
Global minimum energy structure searches were performed using the HF level of theory and the 6-31++G(d,p) 59-62 basis set for X -anions. All water molecules were treated as EFPs. The general atomic and molecular electronic structure system (GAMESS) was used for all calculations. 63 Searches for the minimum energy structures, including the global minimum, on the X -(H 2 O) n potential energy surfaces used a Monte Carlo 64 /simulated annealing code. 65 Simulated annealing was used to initiate structure searches at 600 K and slowly cool the system to 300 K. Geometry optimizations (at 0 K) were performed after every 10 steps in the simulation. The number of EFP water molecules (n) was systematically increased from 1 to 15 (20) for F -(Cl -), to determine the smallest water cluster that fully solvates the anion as the lowest-energy species.
To characterize each stationary point that was found by the Monte Carlo searches, the Hessian (matrix of energy second derivatives) was calculated and diagonalized at each stationary point. Local minima are characterized by a positive definite Hessian. Double differencing was used to calculate the Hessians.
Single-point fully ab initio energy calculations were performed on at least the five lowest-energy structures for each value of n, to compare relative EFP/HF, HF, and MP2 energies for surface and interior structures. The same 6-31++G(d,p) basis set was used for the fully HF and MP2 calculations. Reported energies at all levels of theory include zero point energy (ZPE) corrections that were obtained from the Hessians in which the anion was treated with HF and the EFP model described the water molecules.
In addition, MP2/6-311++(2df,p) 66,67 geometry optimizations were initiated at the equilibrium geometries found from the Monte Carlo calculations for F -(H 2 O) n (for n ) 1-4). The criterion for convergence was 10 -5 hartree/bohr. Hessians were calculated at these equilibrium geometries, using double differencing. Single point CCSD(T) 68, 69 calculations were then performed on these optimized structures, using the same basis set.
Although a few F -(H 2 O) n and Cl -(H 2 O) n structures were found that have one imaginary frequency, the magnitude of these frequencies is small (usually <50 cm -1 ) and they are floppy modes involving the solvent molecules. Because the Hessians are calculated using finite differences of analytic gradients, these small imaginary frequencies may be numerical noise. In any case, none of the structures with an imaginary frequency were predicted to be the lowest-energy structure by any level of theory. Therefore, the structures that have imaginary frequencies have no effect on the trend of moving from a surface anion to a completely solvated anion for either fluoride or chloride.
III. Results and Discussion
A. F -(H 2 O) n , for n ) 1-15. Global minimum structures with <11 water molecules are always surface anions. The first interior anion is observed when n ) 6, but interior anions exist as high-energy species until n ) 12. The Monte Carlo simulations predict that 15 water molecules are required to fully solvate the F -anion. Calculations were also performed on the F -anion with 17 water molecules to ensure that the solvation trend observed for groupings of 12-15 waters continues as n increases further. If so, the surrounded anions should also exist with larger water clusters. This is found to be the case.
Starting with the first structure in Figure 1 , all structures in this paper are labeled with a unique name underneath the structure. The names for each structure follow the format XnI, where X represents the anion in the structure, n denotes the -(H2O)n (n ) 1-5). An asterisk (*) denotes the global minimum structure for each value of n. Each structure is given a unique name, XnI, where X is the anion present, n is based on the number of water molecules, and I is a unique alphabetic character. The number of hydrogen bonds present in different solvation shells is given. Relative energy differences between the higher-energy local minimum structures and the EFP global minimum are given at the EFP (HF) [MP2] level of theory. All relative energies are given in units of kcal/mol. number of water molecules present, and I is an alphabetical letter. The structures marked by a pound symbol (#) are interior anions. The structures marked with an asterisk (*) are the EFP global minimum structures. When the global minimum structure for a given value of n is an interior anion, the lowest-energy surface anion is marked by an ampersand (&).
Following each XnI designation is a nomenclature used to describe the solvation shells of the solvent environment. Therefore, a positive ∆E indicates that the global minimum structure, determined using EFP waters, is more stable than the structure with energy E. A negative ∆E value indicates that the structure with energy E is more stable at the corresponding level of theory.
Local minima for F -(H 2 O) n , for n ) 1-5, are illustrated in Figure 1 . Global minimum structures are given in the first column of the figure. Structures F2C, F3C, and F5C are either planar or almost planar and, therefore, cannot exist as interior anions. Therefore, interior anions do not exist for n ) 1-5. E -E* ) ∆E
Note that, for n ) 1-4, all water molecules reside in a given hemisphere. The second column of Figure 1 presents local minima that are neither global minima nor interior structures. Generally, the relative energies predicted by EFP are in good agreement with those determined using HF or MP2 at the EFP geometries, with deviations on the order of 1 kcal/mol or less. Figure 2 is organized similarly to Figure 1 ; only three structures are shown for each value of n, n ) 6-11. Structure F6C# is the first interior structure observed; however, it is not the global minimum structure for n ) 6. Although, in a few cases, the relative energies of the structures changes as the level of theory changes, HF and MP2 agree that the EFP global minimum is lower in energy than the lowest energy interior anion for n ) 6-11, and the quantitative agreement among the three levels of theory is again very good, typically within 1 kcal/mol.
The EFP method suggests that the first global minimum structure that exists as an interior anion occurs for n ) 12, F12A* in Figure 3 . Figure 3 also presents the lowest energy surface anion structure in the third column. All structures are local minima, including those in the second column, which represents a higher-energy species than the global minimum. The lack of water molecules in the lower right quadrant (F12A*, F13A*, and F14A*) and the lower left quadrant (F12A* and F14A*) illustrates incomplete solvation. As for the smaller clusters, there is generally good agreement among the three levels of theory. An exception occurs for n ) 14. Here, the EFP method predicts structure F14A* to be the global minimum, whereas HF and MP2 predict the F14B structure to be lower in energy. Both are interior structures, so the methods are in qualitative agreement. 
H2O)n (n ) 1-5). The first column represents the global minimum structure for a given value of n. The second column is a local minimum structure but is a higher-energy species than the global minimum. The structure in the third column is the lowest-energy species that most resembles an interior anion. The nomenclature used for Figures 1-3 is also used here.
The global minimum structure for n ) 15 (F15A* in Figure  3 ) is completely solvated. Unlike n ) 12-14, every quadrant in structure 15A* has approximately the same concentration of water molecules. The other structure for n ) 15 (F15B) is the lowest-energy structure for n ) 15 that is not completely solvated. This solvation trend continues for n ) 17, for which the global minimum structure is F17A*.
The structures presented here generally agree with those of Webb and Merrill. 43 However, their study did not explicitly seek the global minimum structure. Instead, they optimized structures that were previously presented in the literature. These authors predict EFP, HF, and MP2 structures with two distinct groups of waters in the first solvation shell to be the lowest-energy species for n ) 2, 4, and 5 (EFP, HF, and MP2). The global minimum structure found by the Monte Carlo calculations reported here for n ) 5 is composed of two groups of water molecules, one of which appears to reside in a second solvation shell. For n ) 6 (EFP, HF, and MP2), both the results of the Monte Carlo calculations and those of Webb and Merrill predict a single group of first solvation shell molecules in the global minimum structure. The small energy differences between the structures given in Figures 1-3 . Local minimum structures for Cl -(H2O)n (n ) 6-9). The first column shows the global minimum structure for a given value of n. The second column is a local minimum structure but is a higher-energy species than the structure in the first column. The third column represents the lowest-energy interior anion structures. minima for Cl -(H 2 O) n are given in Figures 4-8 in the lefthand column. The same nomenclature as that for the F -anion is used.
The second column in Figures 4-8 presents a higher-energy local minimum. The structures that most resemble an interior anion structure for n ) 1-5 are given in the third column of Figure 4 . Structures CL2B and CL3C are planar, while structures CL4C and CL5C have a large space without water molecules located toward the right-hand side of each structure. While these structures are closest to being an interior anion for n ) 2-5, they are actually surface anions. This is similar to the results found for F -. The global minima obtained for Cl -(H 2 O) n (for n ) 1-6) are in good agreement with the results of Webb and Merrill at all levels of theory. 43 No interior anions were observed for n ) 1-5 by either the Monte Carlo calculations or Webb and Merrill. The relative energies predicted by the three levels of theory are in good agreement with each other.
Figures 5-7 give local minima for Cl -(H 2 O) n (for n ) 6-17). As for F -, the first interior anions are observed for Cl -(H 2 O) n when n ) 6; the lowest-energy example is given in the third column of Figure 5 . As the water cluster size grows, the anion approaches complete solvation. The interior anions do not exist as global minima until the completely solvated structure is found (n ) 18). Recall the global minima in Figure  3 for examples of interior anions. Somewhat greater disagreement among the three levels of theory is observed for Cl -than for F -. Disparities as large as 2-3 kcal/mol are found for CL7B and CL7C#, for example. In nearly all cases, EFP and HF are in good agreement, whereas these two methods deviate somewhat from the MP2 relative energies. Therefore, these errors result from deficiencies in the HF method, from which this EFP method is derived, and are not inherent in the EFP approach itself. Nonetheless, the three methods do consistently predict similar trends with regard to the relative stabilities of interior versus exterior structures.
Positive relative energies for n ) 18 illustrate the stability of the fully solvated anion, relative to the partially solvated anion. HF and MP2 single-point energies at the five lowest EFP structures for Cl -(H 2 O) 18 predict that the global minimum is the completely solvated CL18A* structure (see Figure 8 ). The EFP, HF, and MP2 relative energies predict a fully solvated anion to be lower in energy by 4.3, 1.8, and 4.2 kcal/mol, respectively. The HF and MP2 single points at the five lowest EFP structures for n ) 20 suggest a completely solvated anion to be more stable than a partially solvated anion by 1.3 (EFP), 2.1 (HF), and 4.2 (MP2) kcal/mol. Larger energy differences between interior and surface anions are observed for Cl -(H 2 O) n than for F -(H 2 O) n . The source of these higher-energy differences may be the fact that Cl -resists becoming an interior anion until complete solvation is obtained at n ) 18. Comparing the experimental differential binding energies for each anion in Tables 1 and 2 shows that small water clusters are more tightly bound to F -than to Cl -. The strong interaction between F -and water molecules is likely to encourage interactions between the water cluster and the anion, resulting in interior anions that are relatively lower in energy than the analogous chloride structures.
C. Binding Energies. Binding energies and differential binding energies were calculated for F -(H 2 O) n (for n ) 1-15) and Cl -(H 2 O) n (for n ) 1-18) at the EFP/HF, HF, and MP2 levels of theory. Boltzmann-averaged energies were calculated where X i is the calculated energy of the ith structure, including a zero point vibrational energy correction (obtained from the EFP/HF Hessians). ∆E i is calculated by taking the difference between the energy of the ith structure and the lowest-energy structure of a given cluster of n water molecules (T ) 298 K). The result (E n ) is the Boltzmann-averaged energy for all structures composed of n water molecules.
The differential binding energy is defined as the energy difference for the following process:
where X ) F -(Cl -) and n ) 0-14 (0-17). The differential binding energies were calculated by taking the Boltzmannaveraged energy for X -(H 2 O) n+1 and subtracting it from the sum of the Boltzmann-averaged energy for X -(H 2 O) n and the energy of one water molecule. The calculated differential binding energies are compared with available experimental values in Tables 1 and 2 .
The total binding energy is
The binding energies were calculated by taking the sum of the The error columns were obtained by taking the difference between the predicted value for a given value of n and the experimental value. c Percent errors were calculated by dividing the error column by the experimental column and multiplying by 100.
energy of the anion and n water molecules and subtracting it from the Boltzmann-averaged energy for the X -(H 2 O) n system. The results of these calculations are given in Tables 3 and 4 .
Both the experimental and calculated differential binding energies generally decrease with increasing n. For the Cl -anion, the experimental values decrease monotonically, through n ) 6, while some fluctuations are observed for all of the computed ∆D e values. For F -, some fluctuations are observed for both The error columns were obtained by taking the difference between the predicted value for a given value of n and the experimental value. c Percent errors were calculated by dividing the error column by the experimental column and multiplying by 100. experiment and theory. The fluctuations are not consistent enough to be explained by obvious structural differences for the smaller clusters.
The most surprising fluctuation occurs for Cl -(H 2 O) 18 , for which MP2 predicts that the 18th water molecule is more tightly bound than the first! It may be that the unexpectedly high differential binding energy for n ) 18 is due to the fact that the 18th water molecule enables the water cluster to form an interior anion and completely solvate the Cl -anion. Although there is a smaller fluctuation at the HF level from n ) 17 to n ) 18, no significant fluctuation exists for EFP. Similar fluctuations were found by Webb and Merrill, for small values of n.
With some exceptions, the error in differential binding energies decreases as n increases; therefore, the percent error is approximately constant. The HF errors are somewhat larger than those found for the EFP method while, not surprisingly, MP2 is in the best agreement with experiment.
In general, the HF and EFP total binding energies are in good agreement with each other, with errors of ∼15%-25%, relative to the experimental values. Thus, once again, errors in the EFP predictions most likely reflect inadequacies in the underlying HF method upon which the EFP parametrization is based, 1,2 rather than on any inherent failing of the EFP method itself. Both methods exhibit the correct qualitative trends, when compared with the experiment, but have significant quantitative errors. However, the MP2 total binding energies agree both quantitatively and qualitatively with experiment, suggesting the importance of dynamic correlation.
D. Comparison between F -(H 2 O) n and HF(OH -)(H 2 O) n-1 . In order to further assess the reliability of the EFP method, MP2 geometry optimizations were performed on the lowest-energy structures for F -(H 2 O) n (n ) 1-4). Since the EFP method 1,2 freezes the internal coordinates of the water molecule, it is important to determine the impact of this approximation. In the fully MP2 optimizations, the internal coordinates of the water molecules were not constrained.
The MP2 optimizations explored both F -(H 2 O) n (for n ) 1-4) and HF + OH -+ (n -1)H 2 O. The latter system could be formed from the former if the F -anion extracts a proton from one of the water molecules. If HF + OH -+ (n -1)H 2 O is the global minimum, especially if F -(H 2 O) n is not even a local minimum, the EFP method would be less meaningful for those values of n.
The MP2 potential energy surface of F -(H 2 O) was calculated previously by Janoschek, 37 who chose a 6-311+G(2df,p) 66, 67 basis set. For consistency, the 6-311++G(2df,p) basis set was used. The optimized MP2 structure for F -(H 2 O) agrees well with the global minimum found by Janoschek. HF(OH -) is not a minimum on the potential energy surface. The formation of HF is first observed when two water molecules are present to stabilize its coexistence with OH -. The resulting equilibrium geometry, F3D in Figure 9 , is a local minimum. At the CCSD-(T)//MP2 level of theory, this local minimum is 5.8 kcal/mol above the F -(H 2 O) 3 global minimum. The HF bond distance in F3D is 1.06 Å, whereas that of an unsolvated HF molecule is 0.96 Å. Thus, the HF bond is stretched because of the presence of the OH -anion.
Two local minima for HF + OH -+ 3H 2 O are shown in Figure 9 . One structure involves a hydrogen bond between HF and hydroxide (structure F4D), whereas the other involves a hydrogen bond between HF and a water molecule (F4E). At the CCSD(T) level of theory, structure F4D (F4E) is 4.5 (11.0) kcal/mol higher than the solvated F -anion shown as structure F4A in Figure 9 .
These results suggest that, although HF + OH -does coexist with solvated F -, they are higher on the potential energy surface. Therefore, using frozen internal coordinates in the EFP method is reasonable for studying the solvated anions, because protons are not easily extracted from the water molecules.
IV. Conclusions
The effective fragment potential (EFP) method, coupled with Monte Carlo simulations, was applied to study the solvation of F -and Cl -anions. The method provides a reliable approach for analyzing anion solvation. The EFP, HF, and MP2 calculations predict that no fewer than 15 water molecules are required to fully solvate a single F -anion. All three levels of theory predict that 18 water molecules are required for complete solvation of the Cl -anion. The frozen internal coordinates of the EFP are appropriate for studying small water clusters in the presence of F -anions, since proton transfer from a water molecule to the anion is not favored thermodynamically. It is important to keep in mind, of course, that these results are based on electronic energies at 0 K. It is possible that the incorporation of temperature and entropic effects could modify the number of waters needed to make interior anions most favorable.
All three levels of theory predict the correct qualitative trends for both total and differential binding energies. MP2 binding energies are quantitatively accurate for both the F -and Clanions, when compared to experimental values. EFP and HF errors are similar, suggesting that these errors are inherent in the HF method, from which this version of the EFP method is derived. Chloride differential binding energies fluctuate as a function of n for all levels of theory. The largest error in almost all cases results from the binding of the first water molecule to the anion.
